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coagulation of the myocardi 
ative mapping data with the site of laser photocoaguiatioa 
terminating ventricular tachycardia. Observations derived 
from the ablation of 85 tachycardia configurations in 35 
patients have forced us to suspend certain 
ing the critical role of the e~docard~~m or s 
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those patients in whom endocardial 
successful. 
clinical features wit 
irradiation alone was 
etween January I, 1985 and January 1 1 
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study before hospital discharge and at 3 months and 1 year 
postoperatively. Exceptions were three patients who refused 
electrophysiologic study at 3 months and four patients who 
refused restudy at 1 year. Telephone and written contact has 
been maintained on a routine basis since the time Of dis- 
charge. All patients signed informed consent to participate in 
the research study approved by the US. Food and Drug 
Administration : d the Research and Human Subjects ho- 
t&on Committc;: ofCharlotte Memorial Hospital and Med- 
ical Center. 
Operative selection. No patient was excluded from sur- 
gery on the basis of l) infarct location, 2) presence or 
absence of an aneurysm, 3) number of ventricular tachycar- 
dia configurations, or 4) characteristics of ventricular tachy 
cardia. Refractory ventricular tachycardia was a sole indi- 
cation for surgery except in two patients in whom coronary 
bypass urgery was also independently indicated. A wall 
segment was considered aneurysmal if it was dyskinetic, 
collapsed when the left ventricle was vented and was 15 mm 
in thickness. A ventriculotomy was performed inall patients 
whether or not an aneurysm was present. In patients with 
right coronary artery-related infarction, the ventriculotomy 
was performed between the septum and the posterior papil- 
lary muscle. In patients with circumflex coronary artery- 
related infarction, the ventriculotomy was made between the 
papillary muscles. 
htraoperative eleetrophysiologlc studies. Surface lectro- 
cardiographic leads I, II and III, with or without V,, were 
recorded with an epicardial reference lectrode. Mapping 
data were obtained using a hand-held probe recording both 
unipolar (filtered 0.5 Hz to 1 kHz) and bipolar (filtered 50 Hz 
to I kHz) data. These date were recorded on a Siemens 
Mingograf recorder at a paper speed of 250 mm/s. Immediate 
timing of the local activation sequence was facilitated by 
displaying the limb leads, epicardial reference and unipolar 
and bipolar mapping data on an eight channel Tektronix 
oscilloscope triggered f om the QRS complex or reference 
electrode during ventricular tachycardia. This permitted 
easily reproducible, immediately accessible discrimination 
of activation timing. During this study, attempts were not 
made to acquire global endocardial orepicardial ctivation 
sequences. Instead, attention was focused on endocardial or 
epicardial regions, or both, with local activation beginning at 
the end of one QRS complex to the onset of the next QRS 
complex during ventricular tachycardia. This system of 
mapping allowed a spatial resolution of 5 mm. It was 
hypothesized that laser photocoagulation of part OF all of this 
region would be required to terminate ventricular tachycar- 
dia. Ventricular tachycardia was initiated with trains of rapid 
s:imuli or premature stimulation before or after ventriculot- 
Q-my: Of both. Particular attention was directed to maintain- 
ing a normothermic myocardium. 
Iu~aaperatlve laser p~otocoaguhtion. Thelaser source 
was a continuous wave Nd:YAG laser (A = 1.06 pm) 
coupled to a 600 pm gas-cooled silica quartz fiber. In our 
initial experience, a standard fiber was use 
divergence angle, using a radiating spot 
mately 0.5 cm. This required afiber-tissue working distance 
of approximately 2 cm. Certain practical limitations of this 
delivery system imposed by anatomic onstraints and geo- 
metric inhomogeneities of the surface led us to develop a 20” 
beam divergence fiber (MBB-Medizintechnik) used in the 
last 11 cases (4). Irradiating powers of 30 to 50 
with the 10” divergence fiber and 60 to 80 W with the 2 
divergence fiber. The irradiated surface was kept free o 
blood and, at times, the surface was cooled to e 
of penetration. With use of this method of las 
the maximal depth of myocardial pbotocoag~~ation is usually 
5 to 6 mm (1,2). 
The initial site chosen for laser p~otocoag~~atio~ dis- 
played local activation in mid-diastole during ventricular 
tachycardia. If such a site could not be identified, the site 
showing the earliest presystolic activity was chosen. If laser 
irradiation at the initial site failed to terminate ventricular 
tachycardia, the irradiated area was enlarged to include 
other contiguous areas with diastolic electrical activity. 
Easer irradiation was delivered in this manner to the 
endocardium or epicardium until ventricul 
terminated and could no longer be reinduc 
radiation was not successful interminating ventricular tachy- 
cardia, appropriate picardial or endocardial sites were 
remapped aud laser irradiation was delivered to other sites 
as indicated by mapping data. 
All electrical ctivation mapping data and laser irradiation 
data were referenced to a grid drawing of the endocardium 
and epicardium of the right and left ventricular myocardium 
(Fig. I). The irradiated surface area was measured for 
calculation of energy density (joules/cm2) of delivered laser 
irradiation. The duration of irradiation at each site was 
available by an automatic printout from the MediLas 2 
Nd:YAG laser instrument. 
Postoperative el~~~~~s~Ql~ic studies and 
30 patients underwent predischarge electrophysiologic study 
using epicardial wires placed at surgery (18 patients), cath- 
eter stimulation from two right ventricular sites (8 patients) 
or catheter stimulation from one right ventricular endocar- 
dial site by a permanent pacemaker that could be externally 
coupled to a programmed stimulator (4 patients). In each 
case, programmed stimulation up to S, at two cycle lengths 
and pacing trains of 8 to 12 stimuli to a cycle length resulting 
in loss of 1:l capture were employed. Postoperative studies 
were also performed at 2 to 3 months and at I year. 
Endocardial stimulation as just described was employed at 
two right ventricular sites, except in four patients in whom 
an externally coupled permanent pacemaker was used. 
A detailed analysis of the acquired dntraoperative map 
ping and lasing data was performed in 10 of the 30 surviving 
patients in whom the fcllowing criteria were met: I) mapping 
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The reference grid for endocardial (A) 
i mapping sites. The ~~dQca~d~al 
surface (A) is divide into concentric rings A 
through G frm the base to apex. Each ring has 1% 
which has 6). Left ve~t~~~~ar 
) correspond to the ~~~e~~y~ 
and referenced to the same grid. 
anterior descending coronary artery: = left 
ventricle; RV = right ventricle. 
tu-ing ~~~~t~~c~~a~ ta hy- 
area. This group was 
ccesdul endocardtal 
ct to clinical vat-ia- 
ted cot-onary vessels 
14%. Table 1 presents he i~cidl~~c 
two clinical variables, namely, ejection fracti 
ence of an a~eu~s~. In tients with an ejection inaction 
<20% and no aneurysm, ~~o~a~~ty rate was 66.7% (two 
ts). For patients with ejection fraction 
<20% but with a discrete left ventricular aneurysm, the 
mortality rate was 28.5% (two of seven patients). However, 
for patients with an ejection fraction ~20% with or wlthout 
ospital Deaths in35 Patients 
No. of 
EF% Aneurysm Patients 
<2R 0 2 of 3 (66.7%t 
c20 + 2 of 7 128.5%) 
a20 OH I of 25 (4%) 
--~ 
EF = ejection fraction; 0 = no aneurysm: t = aneurysm present: O/t = 
without or with aneurysm. 
Table 2. Functional Anatomy and Lased Surface in Patients 
Undergoing ~~otosoagu~~tion 
Lased Surface 
Infarct Vessel Total End0 
Endo 
(no VT) Epi 
LAD 16 
Aneurysm I2 (75%) 7 4 1 
No aneurysm : 3 1 0 
LCx/RCA 14 
Aneurysm 3 (21%) 3 0 t-l 
No aneurysm 11 2 0 9 
Total 30 I5 5 !? 
Endo = endocardium; Epi = epicardium; LAD = left rsterior descending 
artery; LCx = left circumRex artery: no VI - no inducible ventricular 
tachycardia at surgery: RCA = right coronary artery. 
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sustained ventficulat tachycardia. The latter patient refused 
an automatic mplantable cardioverterldefibrillator and has 
remained free of tachycardia recurrence for 12 months. 
Twenty-three patients have been followed up for at least 1 
year. Of these, 19 agreed to repeat electrophysiologic study. 
No patient had inducible sustained ventricular tachycardia. 
only one patient had inducible nonsustained ventricular 
tachycardia (nine beats); this patient had spontaneous recur- 
rence of tachycat-dia at 26 months. 
Clinical correlates (Table 2). The 30 surviving patients 
were analyzed in relation to the infarct-related vessel, the 
presence of absence ofa discrete left ventricular neurysm 
and the need for endocardial irradiation or epicardial laser 
irradiation to terminate all configurations of ventricular 
tachycardia at surgery. Sixteen patients had left anterior 
descending and 14 patients had right of circumflex coronary 
artery-related infarction. An aneurysm was present in I2 
(75%) of the 16 patients with left anterior descending arter:y- 
related infarction, but in oniy 3 (21%) of the 14 patients with 
right or circumflex coronary artery-related infarction. In five 
patients, ventricular tachycardia could not be initiated at 
surgery; all five had a left anterior descending artery-related 
infarction and fout (80%) of the five had a discrete left 
ventricular neurysm. Ventricular tachycardia could not be 
initiated in 4 (33%) of 12 patients with an aneurysm due to 
left anterior descending artery-related infarction, but in only 
1 (5.6%) of the 18 remaining patients. In the five patients 
with no inducible ventricular tachycardia atsurgery, laser 
photocoagulation was confined to the endocatdium and was 
both visually directed and guided by preoperative catheter 
mapping studies. The 25 patients with inducible ventricular 
tachycardia atsurgery had a total of 78 ventricular tachycar- 
dia configurations (mean 3.12 k 1.42 per patient, range I to 
6 per patient). 
Epicardial versus endocardial l ser photocoagulation. To 
be included in the group having epicardial laser photocoag- 
ulation, patients had to have a stable, reproducibly initiated 
ventricular tachycardia that was convincingly termiuated 
during epicardial laser photocoagulation and could not be 
reinduced subsequently. Thirteen (15.3%) ofthe 85 configu- 
rations at surgery fulfilled these criteria. The 13 ventricular 
tachycardias terminated by epicardial photocoagulation or,- 
curred in 10 (33%) of the 30 patients. There were 11 patients 
with right or circumflex coronary artery-related infarction 
and no aneurysm. Nine (82%) of these 11 patients required 
epicardial laser photocoagulation t  terminate at least one of 
the ventricular tachycardias present. 
A total of 10 patients required epicardial laser photoco- 
agulation. In this group, there were 36 configurations of 
ventricular tachycardia; however, only 13 (36%) of the 36 
required epicardial blation. The remainder were success- 
fully terminated by endocardial photocoagulation. All pa- 
tients in this group had at least one ventricular tachycardia 
configuration requiring endocardial photocoagulation. In 6 
of the 10 patients, epicardial mapping and epicardial her 
photocoagulation were performed only after endoca 
laser photOCORgUktiOn proved ineffective. fk8WeVer, in four 
patients, epicardial laser photocoagulation alone was per- 
formed for that particular ventricular tachycardia. All three 
patients with an aneurysm associated with right or circum- 
tlex coronary artery-related infarction underwent successful 
ablation with endocardial laser photocoagulation alone, as 
did 11 (92%) of 12 patients with an aneurysm associated with 
left anterior descendi 
dim. For patients in 
configurations were ter by endocardial laser photo- 
coagulation, epicardial mapping data were not consistently 
obtained. Epicardial ekectrograms were uniformly obtained 
in the 10 patients requiring epicardial laser photocoagula- 
tion. Electrical activation phenomena previously described 
on the endocardial surface were found on the epicardial 
surface in this patient subgroup. These included dela:yed 
potentials during sinus rhythm, diastolic potentials duning 
ventricular tachycardia that, at times, could be recorded 
from the end of one QRS complex to the onset of the next 
QRS complex and low amplitude iastolic potentials durin 
ventricular tachycardia with various degrees of block. 
Figure 2A illustrates endocardial potentials during sinus 
rhythm recorded berween the posterior papillary muscle and 
the mitral anuhs and local activation on the directly oppo- 
site epicardial surface. A delayed potential 4 ms after the 
end of the QRS complex is recorded from the ndocardium, 
but 68 ms after the end of the QRS complex from the 
epicardial surface. In Figure 2B, during ventricular tachy- 
cardia unipolar recordings from the same picardial location 
registered a negative QS pattern 8ms before the onset of the 
QRS complex. Laser photocoagulation directed at this epi- 
cardial site and toward the septum terminated ventricular 
tachycardia. 
Figure 3 illustrates pandiastolic activity during ventricu- 
lar fachycardia recorded on the epicardia1 surface from the 
end of one QRS complex to the onset of the next QRS 
complex. Diastolic activation proceeded from the left side of 
the posterior interventricular groove near the interventricu- 
lar septum to the right side of the interventricular groove 
near the apex. The total ength of this segment was 8 to 10 
cm. Laser i radiation ofthis epicardial surface (shaded area) 
permanently abolished t is ventricular tachycardia. 
Figure 4 illustrates a configuration of ventricular tachy- 
cardia in another patient in whom potentials could be 
recorded from mid-diastole to the onset of the next QRS 
complex on the inferior right ventricular free wall, This 
patient had a right coronary artery-related infarction, wi h a. 
patch of fibrosis visible on the e~~~ard~a~ surface of tbe 
inferior ight ventricle. Three other ventricular tachycardia 
conligurations had been terminated by endocardiaf laser 
photocoagulation of the1~‘: ventricle. The diastolic poten- 
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ihe epicardiai region of 
8 ms before the onset of 
irradiation of this epicardial region terminated ventricular tachycar- 
dia. WV Reef = right vemicular eference tracing. 
tials illustrated were recorded I to 2 cm from the posterior 
inte~~~t~cu~ar groove. Ventricular tacbycard~a w s termi- 
nated by laser pho~ocoagulat~o~ oft 
Figure 3. Epicardial pandiastolic a tivation 
recorded from the end of one QRS co 
to the onset of the next QRS complex. 
activation times progressed along the infe- 
rior surface of the left ventricle l&V) adja- 
cent t 
artery 
of the 
Laser 
terminated the arrhythmia. VT CL = ven- 
tricular tachycardia cycle length. 
~~~~~e 4. A, The location of bipolar elecrrograr,is recorded during 
ventricular tachycardia, with local ark st5n from before 
diastole to the onset the QRS complex. The s 
visible scar. The sti ed area shows the laser 
Termination of ventriclnlar tachycardia WD during Baser photoco- 
agulation of this region. Abbreviations as in Figures 2 and 3. 
Figure 5 i~~~~strQtes enducardia~ and h-.picar&d pure~~ju~s 
recorded in a patient with successf~irl epicardial laser abla- 
tiojz of ~e~~i~~c~i~a~ t~c~yca~djo. E icardial diastolic activa- 
tion begins 3 after 
inferior wall een t 
les. SuccessiveDy later ~ote~tiais re ret 
osterior i~te~e~tricu~ar groove until 
e the QRS complex are recorded ove 
plane between the papillary muscles and mitral anulus 
~rn~d-diastole a  - 102 ms). On the e~docard~a~ surface, 
amplitude and more slurred potentials zre recorded at 
before the onset of the QRS complex at the junction between 
the septum and the inferior wall in a plane between the mitral 
illary muscles. From that point, activation 
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times progress closer to the onset of the QRS complex at the 
mid-portion of the interventricular septum. Laser photoco- 
agulation of these ndocardial sites failed to terminate the 
ventricular tachycardia. However, laser photocoagulation of 
the epicardial sites permanently eliminated the arrhythmia. 
Figure 6 illustrates a region of block closely adjacent to a 
region ofpresumed reentry. These recordings are from the 
only patient with an anterior infarction i  whom epicardial 
laser photocoagulation was necessary toterminate one of the 
ventricular tachycardias. In Figure 6A, the stippled area 
indicates the epicardial region of recorded potentials and the 
area of laser photocoagulation. Figure 6B illustrates mark- 
edly delayed epicardial potentials during sinus rhythm re- 
corded from this region. In Figure 6C, a unipolar electro- 
gram over a region of scar was used to help identify tbe onset 
of the cavitylike potential for activation time measurements 
(5). Epicardial potentials were recorded from 132 ms after 
the onset of the QRS complex up to 40 ms before the onset 
of the next QRS complex. In a closely adjacent region, 2:l 
block of the electrograms is recorded uring the diastolic 
phase of ventricular tachycardia (Fig. 61)). Epicardial aser 
photocoagulation successfully terminated this ventricular 
tachycardia. 
Iseussion 
Background: epicardial vmus endocardial surgical a~. 
proaches. Surgical ablation strategies for ventricular tachy- 
cardia were initially directed toward the epicardium. This 
Figure 5. During ventricular tachycar- 
dia, bipolar electrograms with local acti- 
vation in diastole were recorded from 
both the picardi and en- 
docardium (right line de- 
notes onset of the . On the 
epicardial surface, local activation is re- 
corded from 37 ms after the end of the 
88 ms before the onset 
plex. On the endocardial 
surface, potentials are recorded from 80 
ms after the nd of the QRS complex to 
16 ms before the onset ofthe QRS com- 
plex. Laser photocoagulation of these 
endocardial sites failed to terminate he 
arrhythmia. However, laser photocoag- 
ulation of the epicardial sites did termi- 
nate the ventricular tachycardia. Abbre- 
viations as in Figures 2 and 3. 
approach was based in part on the success of epicardial 
map-guided surgical ablation f aberrant pathways in the 
Wolff-Parkinson-White syndrome. Early epicardial map 
guided approaches to ventricular tachycardia ablation in- 
cluded cryothermia (6,7) and surgical incision or resection 
through areas of delayed activation during sinus rhythm or
areas with diastolic activation during ventricular tachycardia 
(g-10). Although some success was achieved with these 
early epicardially directed approaches, the results were not 
encouraging when applied to the broad spectrum ofpatients 
with postinfarction ventricular tachycardia. 
In this setting, the surgical cure rates achieved with 
map-guided ndocardial resection for postinfarction ventric- 
ular tachycardia defocused attention from the potential role 
of intramural or epicardial sites of origin (11). The impor- 
tance of the epicardial region was further d emphasized by 
reported iscrepancies (12) between endocardial nd epicar- 
dial activation sequences during ventricular tachycardia. 
These studies ( 11,12) suggested that epicardial mapping may 
fail to disclose the true site of origin of ventricular tachycar- 
dia. 
Other endocardially directed approaches were d~uel- 
oped. These included visually directed resection of all 
scarred endocardial surface (13), visually directed complete 
encircling endocardial ventriculotomy (14), map-guided and 
visually guided partial encircling endocardial ventricdotomy 
(19, cryothermal nd Nd:YAG thermal exclusion of the site 
of origin of ventricular tachycardia (16), argon laser volatil- 
JACC Vol. 15, No. 1 
January 1991): P63-70 
a A regioa of block closely adjacent to a region 
of presumed reentry. A, T e (epi) 
n a ciosely adjacent rea, 7: I Sxk was 
recorded at several sites ( ~rev~~~~~~s as in Fig 
ures 2 and 3. 
ization of docardial surface (17). 
(18) and e ve endocardia~ (19) cc 
From these e~doca~diu~ly directed 
piric observatio uggested that the critical anatomic sub- 
strates of posti ction ventricular tachycardia were not 
always in a s~bendoca docardia~iy d rected 
approaches have  signi Zure rate in patients 
without a discrete left ventricu aneurysm and in patients 
with an inferior or a posterior i ion (20). Also, deep 
cryoablation, even transmural c lation, has been re- 
quired to ablate some ventricular tachycardias (l&13. Fur- 
coagulation during ventricular tachycardia are of interest. 
apping data and sites of successful laser ablation of ven- 
tricular tachycardia were analyzed with respect to the ciin- 
ical variables known to be risk factors for surgical failure 
ially directed approaches. The two most 
ed risk factors for surgical failure are the 
absence of a discrete left ventricular aneurysm and th 
presence of an inferoposterior infarction (20). Of the 1 
ng epicardial laser tocoagu~at~on, 9 had 
infarction in the dist~bution of right or circumflex 
coronary artery. Of the 11 patients with a right or circumflex 
coronary artery-related infarction without ananeurysm, 9 
(88%) required epicardial laser ~hotocoag~lation o termi- 
nate at least one ventricular tachycardia. In contrast, of the 
patients with an aneurysm, but would have been unsuccess- 
ful in 60% of the I5 patients without an aneurysm.. Epicardial 
e!ectrical ctivation phenomena in patients with epicardial 
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laser ablation were similar to those described on the en- 
docardial surface, including 1) delayed potentials during 
sinus rhythm, 2) pandiastolic orpresystolic activity during 
ventricular tachycardia, nd 3) regions of block near the 
reentrant circuit. 
Anatomic correlations. Anatomic observations during 
surgery were of interest. In patients without an aneurysm, 
particularly those with a right or a circumflex coronary 
artery-related infarction, endocardial fibrosis was patchy. In 
fact, there was no discrete plane of fibrosis that could have 
been resected. Patchy fibrosis was frequently present on the 
epicardial surface as well. These findings uggest that the 
critical anatomic substrates of ventricular tachycardia are 
not in a uniform region of the three-dimensional structure of 
the myocardium and may be influenced by the absence of an 
aneurysm and the infarct location. We do not suggest that all 
ventricular tachycardias ar sefrom intramural orepicardial 
sites. Only 13 (15.3%) of the 85 ventricular tachycardia 
configurations required epicardial laser ablation. However, 
an epicardial approach was required in 10 (33%) of 30 
patients when operative selection did not exclude patients 
with inferior infarctitin or patients without an aneurysm. An 
effective ablation technique will need to be adaptable toa 
multiplicity of locations within the three-dimensional cardiac 
structure. 
Conclusions. The results of map-guided Nd:YAG laser 
photocoagulation suggest that, in certain cases, the critical 
anatomic substrates of reentry in postinfarction ventricular 
tachycardia may be intramural or epicardial. This condition 
is more likely to occur in patients without an aneurysm and 
with right or circumflex coronary artery-related infarction. 
Application of Nd:YAG laser photocoagulation ca be effec- 
tive independent of the anatomic site of reentry and may be 
useful in extending our understanding of this complex lec- 
trophysiologic-anatomic problem. 
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